Abstract: A satellite DNA family (APSU) was isolated and characterized in the ant Aphaenogaster subterranea. This satellite DNA is organized in tandem repeats of 162 bp and is relatively AT rich (51.9%). Sequence analysis showed a high level of homogeneity between monomers. Loss of satellite DNA has been detected in queens in relation to workers, because the amount of satellite DNA in queens is about 25% of the amount found in workers. Restriction analysis of the total DNA with methylation-sensitive enzymes suggests that this DNA is not methylated. Analysis of the electrophoretic mobility of satellite DNA on non-denaturing polyacrylamide showed that this satellite DNA is only very lightly curved. Their possible transcription was analyzed using reverse transcription and polymerase chain reaction (RT-PCR). The satellite DNA is transcribed on the two DNA strands at the same level in worker and queen pupae, as well as in worker adults.
Introduction
Repetitive sequences are ubiquitous components in genomes of all eukaryotic species. Highly tandemly repeated sequences, or satellite DNAs, have been found in plant and animal species in association with constitutive heterochromatin (reviewed in Charlesworth et al. 1994) .
There are few studies concerning the organization and variation of repetitive DNA in Hymenoptera. The order Hymenoptera is divided into two suborders, Apocrita and Symphyta. In the suborder Symphyta, the existence of one or more families of repetitive DNA has been described in several species of the genera belonging to Diprionidae and Tenthredinidae (Sonoda et al. 1995a (Sonoda et al. , 1995b RouleuxBonnin et al. 1996) . However, in the suborder Apocrita, satellite DNA sequences have only been studied in species of parasitoid wasps that have a single satellite family with no divergent subfamilies. Satellite DNA has been described in the parasitoid wasps of the genera Diadromus, Eupelmus (Bigot et al. 1990; Rojas-Rousse et al. 1993) , Trichogramma brassicae (Landais et al. 2000) , and the honeybee Apis mellifera (Tarès et al. 1993) . In ants (Apocrita, Formicidae), satellite DNA sequences have only been studied in Messor structor (Lorite et al. 1999) .
The general significance of satellite DNA is rather controversial and several hypotheses have been developed to assign a role to this fraction of the eukaryote genome. It has been suggested that it may play a role in heterochromatin constitution, chromosome pairing and recombination, chromosomic rearrangements, tridimensional organization of the interphasic nucleus, and gene amplification events (Brutlag 1980; Manuelidis 1982; Strissel et al. 1996) . Its role has also been suggested in centromere functions by association with centromeric satellite-DNA binding proteins (CENP) (Marshall and Clarke 1995; Sugimoto et al. 1994 ). Because it often corresponds to a heterochromatin non-coding genomic fraction, some models have been posited to explain its maintenance and evolutionary processes, such as molecular drive and concerted evolution (Charslesworth et al. 1994) .
It is generally considered that satellite DNA is not transcribed. However, various examples of transcribed satellite DNA have been reported in several vertebrate and invertebrate species. In Hymenoptera, satellite DNA transcriptions have been described in Diprion pini, Diadromus pulchellus, Diadromus collaris, Eupelmus vuiletti, and Eupelmus orientalis (Rouleux-Bonnin et al. 1996; Renault et al. 1999) . The function of satellite DNA transcripts and their mechanism of transcription are not well known. It has been proposed that transcription of satellite DNA may be initiated from genes or transposable elements interdispersed in satellite DNA, as in lampbrush chromosomes (Hori et al. 1996; Solovei et al. 1996) . In the crab Geocarcinus lateralis, a GC-rich satellite DNA is transcribed in a tissue-and stagespecific manner (Varadaraj and Skinner 1994) . Sam et al. (1996) have described an expressed repetitive sequence from the mouse genome, the expression of which is restricted during development and is induced in response to retinoic acid. However, a snRNA-type promoter drives satellite DNA transcription in the newt and these RNAs are self-cleaving transcripts (Epstein and Coats 1991; Cremisi et al. 1992; Green et al. 1993 ). This ribozymic activity has been demonstrated in several species of newt (Luzi et al. 1997; Denti et al. 2000) . Recently, Saitoh et al. (2000) have identified a tandem-repetitive DNA sequence that encodes a novel deubiquitinating enzyme with a functional promoter and that is designated the RS447 human megasatellite,
In this paper, we describe the isolation and characterization of a satellite DNA of Aphaenogaster subterranea. This satellite seems to be partially eliminated in the queens, which present less satellite DNA than workers. Analysis of the transcription has shown that satellite DNA is transcribed on the two DNA strands in queen and worker pupae, as well as in worker adults.
Material and methods

Isolation and digestion of genomic DNA
Nests of the ant Aphaenogaster subterranea (Hymenoptera, Formicidae) were collected in Tours, France. Genomic DNA (gDNA) extraction was performed according to the technique of Heinze et al. (1994) . Digestion of isolated DNA with restriction endonucleases was performed according to the recommendations of the supplier using 4 U restriction enzyme/µg DNA. The digested DNA was analyzed by electrophoresis in 2% agarose gels.
Cloning of repetitive DNA
A band of repetitive DNA approximately 160 bp long was produced by the digestion of genomic DNA with HaeIII was eluted from the agarose gel and precipitated. The precipitated fragments were inserted into the SmaI site of the pBluescript SK+ vector.
Southern-blot analysis of digested genomic DNA
Samples of 4 µg of gDNA were digested with several restriction endonucleases according to the supplier's manual. Digestion fragments were separated on 2% agarose gels and then blotted onto Hybond N+ membranes (Amersham, Piscataway, N.J.) under standard conditions. Southern hybridization was performed according to the technique described by Sambrook et al. (1989) at 60°C using 20 ng of labeled probe/mL. The probe (APSU-18) was labeled with digoxigenin-11-dUTP using a random-primer DNA-labeling kit (Roche, Diagnostics, Basel, Switzerland). Detection of hybridization was performed with an alkaline phosphatase DIG-detection kit from Roche.
Dot-blot estimation of satellite DNA in the genome
Dot-blot analysis of both total gDNA from queen pupae, worker pupae, and worker adults and isolated monomers prepared by PCR with the specific primers APSU-R and -L (as described elsewhere in Materials and methods) were performed on charged membranes (Appligene). Triplicates of several dilutions of gDNA (10 ng to 200 ng) and purified satellite DNA monomers (0.5 ng to 10 ng) were each loaded onto charged nylon membranes. The filters were hybridized with a mix of these PCR satellite DNA fragments radiolabeled by primer extension with Klenow polymerase (Roche). Hybridization was performed at 65°C in 0.5 M NaPO 4 (pH 7.2), 7% SDS w/v, and 1 mM EDTA. Washes were done under high-stringency conditions in 0.5× SSC -0.1% SDS w/v at 65°C. The radioactivity was measured directly with an InstantImager from Packard. The fractions of satellite DNA in the genome were estimated by comparing the hybridization of gDNA and monomers. pBR322 was used as background control and gDNA from Diadromus pulchellus and Eupelmus vuiletti were used as negative controls.
DNA sequence analysis and computer analysis
Sequencing reactions were performed using the ThermoSequenase fluorescent cycle-sequencing kit (Amersham). The samples were analyzed on 6.5% polyacrylamide -urea gels in a LICOR-400L automated DNA sequencer (LICOR, Lincoln, Nebr.).
Multiple alignments were performed using the CLUSTALW program. The sequence data were analyzed and compared with the GenBank-NCBI DNA databases using a BLAST search and with the EMBL database using FASTA (Altschul et al. 1990 (Altschul et al. , 1997 Pearson and Lipman 1998) .
DNA curvature analysis
The consensus sequence was analyzed using a predictive model of sequence-dependent DNA bending. The magnitude of DNA curvature was calculated with the BEND server algorithm of Goodsell and Dickerson (1994) (available at http://www2.icgeb.trieste.it/~dna/bend_it.html). The values of the curvature are presented as the deflection angle per 10.5 residue helical turn (1°/bp). The distribution of curvature is represented as histograms. The maximum curvature peak is localized at the end of the monomer satellite DNA consensus sequence.
The oligonucleotides APSU26 and APSU62 were chosen from conserved regions of APSU-18 and -46 repeats and from around the region of maximum curvature: APSU26, 5′-TTATGACCCGAAGCGCTA-3′; and APSU62, 5′-CTTTTT-AACTATTGGTCG-3′. PCRs were performed under the conditions described previously (Rouleux-Bonnin et al. 1996) on APSU-18 and -46 repeats. The PCR program involved 30 cycles of 1 min at 95°C, 30 s at 50°C, and 1 min at 72°C. The APSU26 and the APSU62 primers amplified a 198-bp fragment of satellite DNA. The PCR fragments were subjected to non-denaturing polyacrylamide gel electrophoresis on 8% polyacrylamide in 0.5× TBE at 40V for 24h at 4°C. The gels were dried and stained with AgNO 3 . The K value (migration calculated length/sequenced length) was determined with the 100-bp ladder (Promega) fragments as molecular weight markers.
Methylation analysis
Methylation analyses were performed by digestion with the isoschizomeres MspI-HpaII (C9CGG; arrow indicates position at which restriction enzyme cuts) and Sau3A-NdeII (9GATC). Both isoschizomers have the same target sequence but HpaII and Sau3A are unable to cleave 5-methylcytosine (5-mC). Digested genomic DNA was separated on 2% agarose gels, blotted onto Hybond-N+ membranes, and hybridized as described previously with the digoxygeninlabeled repetitive probes.
RNA purification
Total RNA was isolated from queen pupae (20 mg), worker pupae (100 mg), and worker adults (200 mg). The frozen insects were crushed at -80°C and the resulting powder was suspended in 3 mL of 150 mM NaCl, 0.65% v/v Nonidet P40, and 10 mM Tris-HCl (pH 9). The nuclei and membranes were removed by centrifugation at 15 000 g for 5 min at 4°C. The supernatant was mixed with an equal volume of 7 M urea, 350 mM NaCl, 10 mM EDTA, 1% w/v SDS, and 10 mM Tris-HCl (pH 7.2) and then centrifuged for 5 min at 15 000 g at 4°C. The supernatant was extracted with equal volumes of (i) saturated phenol, (ii) phenolchloroform -isoamyl alcohol (24 : 24 : 1) and (iii) chloroform. RNAs were precipitated with absolute ethanol, washed with 70% ethanol and suspended in sterile water. Traces of DNA were eliminated by treatment with pancreatic RNAsefree DNAseI (0.01 U/µL) in 10 mM MgCl 2 , 0.1 mM dithiothreitrol, and 10 mM Tris-HCl (pH 7.5) for 1 h at 37°C. RNAs were extracted once more with equal volumes of saturated phenol -isoamyl alcohol, phenol -isoamyl alcohol -chloroform, and chloroform; precipitated with absolute ethanol; washed with 70% ethanol; and suspended in sterile water.
Reverse transcription and PCR
Two micrograms of total RNA from queen and worker pupae and from worker adults were reverse transcribed with 20 pmol each of APSU-L and -R and 16 U of avian myeloblastosis virus (AMV) reverse transcriptase for 1 h at 42°C under the conditions specified by the supplier (Promega). The oligonucleotides APSU-L and -R were chosen from conserved regions of satellite DNA monomers: APSU-L, 5′-AGAGTTCTAACGAAAACC-3′; and APSU-R, 5′-GAACTCCCGTCAAAATTG-3′. PCRs were performed in the conditions previously described (Rouleux-Bonnin et al. 1996) . The PCR program involved 30 cycles of 1 min at 95°C, 30 s at 45°C, and 1 min at 72°C. The APSU-L and -R primers amplified a complete 162-bp monomer of satellite DNA.
The PCR products were separated on 0.8% agarose gels, blotted onto nylon membranes, and hybridized with the radiolabeled clone APSU-18 as described previously.
Results and discussion
Genomic DNA from Aphaenogaster subterranea was cleaved with several restriction enzymes and the resulting fragments were separated on 2% agarose gels. Digestion with HaeIII revealed the presence of a visible band of about 160 bp (data not shown). This band was eluted from the agarose gel and inserted into the pBluescript SK+ plasmid. A portion of the eluted fragments was labeled and used as hybridization probe to detect the positive clones. Recombinants yielding a strong positive signal were directly sequenced. Six clones, , were sequenced and selected for further studies. APSU-18 and -46 contain two monomeric units inserted into the same plasmid (GenBank accession Nos. AJ320171-AJ320178).
Genomic DNA was digested by several restriction endonucleases and examined by Southern-blot hybridization (Fig. 1) . APSU-18 repeats hybridized to multimers of a basic 160-bp unit that was generated by digestion with MspI and HaeIII, indicating that the cloned DNA belonged to a tandemly repetitive DNA sequence.
The sequencing results showed that APSU-18-1, -18-2, -20, -36, -46-1, -46-2, -66, and -70 are 162, 160, 162, 160, 161, 162, 162 , and 161 bp in length, respectively. The CLUSTALW computer program was used to establish the consensus sequence of the fragments isolated from this species. The comparison of sequencing results is summarized in Fig. 2 , where the best alignment of repeating units and its consensus sequence is presented.
The consensus sequence with 162 bp is relatively AT rich (51.9%) and possesses various A-or T-rich runs, as well as some short, direct, and inverted subrepeats. Three short palindromic sequences can also be noted (Fig. 2) . The presence of internal repeats, palindromic sequences, and the richness of AT are common in the satellite DNA of other Hymenoptera (Rojas-Rousse et al. 1993; Sonoda et al. 1995a Sonoda et al. , 1995b Rouleux-Bonnin et al. 1996; Lorite et al. 1999; Landais et al. 2000) .
The pairwise evolutionary distance between the different monomers has been calculated according to Kimura's twoparameter method (Kimura 1980) . The mean nucleotide distance between monomers is 0.08 with a variance of 0.03. The sequences of all monomers appeared to be largely similar with small variations caused by either single insertiondeletion events or by nucleotide substitutions spread randomly within the sequence and can be considered members of the same family of repetitive DNA, known as the APSU DNA family. As could be expected from the comparison of the sequence data, no specific clustering of any group of sequences is observed. The monomer sequences do not bear any similarity to other repeat DNAs in the sequence data banks. Satellite DNA with a similar level of intraspecific ho- Fig. 2 . Alignment of the nucleotide sequences of eight sequenced monomers from Aphaenogaster subterranea satellite DNA and the consensus sequence derived from them. Direct and inverted repeat sequences are indicated on the consensus sequence (→ →, direct repeat; →←, inverted repeat). Palindromic sequences are also indicated (↔). A-or T-rich runs are indicated on the consensus sequence by grey boxes. Fig. 3 . Dot blot hybridization on total gDNA from worker adults, worker pupae, and queen pupae of A. subterranea. Different amounts of gDNA (100 and 50 ng) and purified satellite DNA repeats (0.5 ng to 10 ng) were loaded onto nylon membranes and hybridized with 32 P-labeled monomeric repeats. mogeneity has also been described in the ant Messor structor (Lorite et al. 1999 ). Dot-blot hybridization analysis showed that the amount of satellite DNA in the worker pupae genome is 13.9 ± 3.6% and 16.0 ± 6.4% in the genome of worker adults, which is quite similar. Secondly, the amount of satellite DNA in the queen pupae genome is 4.0 ± 1.55%. Hence, satellite DNA in queens represents 25% of the satellite DNA found in workers (Fig. 3) . This difference might be due to a loss of chromatin, which could reflect a distinct mechanism of differentiation between queens and workers. The programmed elimination of part of the genome through chromosome loss or chromatin diminution constitutes a biological process found in several diverse groups of organisms and it is generally correlated to somatic and sexual differentiation (Werren et al. 1987; Tobler et al. 1992; Goday and Esteban 2001) . For example, in the hymenopteran parasitoid wasp Nasonia vitripennis, the co-occurence of a paternal sex ratio (PSR) chromosome (a paternally inherited supernumerary chromosome), and microorganisms of the genus Wolbachia induce the loss of paternal chromosomes, in turn causing the fertilized embryos to return to a haploid state and develop into males. It has recently been reported that PSR is capable of inducing chromosome loss independently of Wolbachia (Dobson and Tanouye 1996) .
The bendability and (or) curvature-propensity plot on consensus sequence was calculated with the consensus scale (DNAseI + nucleosome positioning data) (Fig. 4a) . This figure showed one peculiar maximum curvature peak near position 134 bp. The calculated value for curved DNA is above 9°/helical turn and for straight DNA is below 4 or 5°/helical turn. Therefore it is possible that this region may adopt a curved conformation. Three minimums are also observed at positions 37 bp, 68 bp and 113 bp. The profile of the bendability plot is quite similar between the position 139 and 240 bp (dimeric form) and was about 4.5. The bendability and curvature-propensity plot was quite similar when calculated with the DNAseI method (data not shown). Therefore, the maximum curvature peak is localized at the end of the monomer satellite DNA consensus sequence. For this reason we have used fragments of satellite DNA obtained by PCR on APSU-18 and -46 clones, with the putative maximum peak localized in the middle of the repeat.
The electrophoretic mobility of the APSU satellite DNA on non-denaturing polyacrylamide gel was carried out to check DNA curvature. Very weak delayed electrophoretic mobility was observed (Fig. 4b) . The K factors of the fragments obtained by PCR were 1.11 and 1.01, indicating that the observed lengths of these repeats differed little from those defined by sequencing, although the putative maximum curvature peak is localized in the middle of the repeats. We conclude that the APSU unit of the satellite DNA may be very slightly curved.
The curvature of satellite DNA or its potential bendability have been proposed as the feature responsible for the tight compacting of heterochromatin. Intrinsic DNA curvature is generally associated with the presence of certain sequences, such as periodically spaced runs of adenine (thymine). However, it has been shown that there is a tremendous variation in the magnitude of intrinsic bending among satellite DNAs (reviewed in Hagerman 1992 ). In addition, in some cases, such as in Tribolium freemani and Tribolium confusum (Ugarkovic et al. 1996) and in A. subterranea, satellite DNA shows rapid migration in non-denaturing polyacrylamide gel, which is just the opposite behaviour of that shown by curved DNA structures despite the fact that they present a higher content of AT tracts. One characteristic of the Tribolium satellites is the presence of an inverted repeat that suggests a stable dyad structure in the vicinity of the AT-rich regions might be adopted. Barceló et al. (1998) have suggested that in Tribolium satellites the potential formation of stable dyad structures could operate as a nucleosome posi- tioning signal instead of the intrinsically curved DNA. However, the palindromic sequences and the inverted repeats present in the consensus sequence from A. subterranea do not suggest that they could form energetically stable structures because both are short and in some cases overlapping. Rojas-Rousse et al. (1993) have also reported that the existence of palindromes and A-rich tracts in satellite DNA suggests the formation of hairpin in vivo structures and bend centers that may play a role in heterochromatin condensation in hymenopteran insects. It has been suggested that the presence of specific dyad structures distributed along the sequence of insect satellite DNA could play the same role as methylation signals in the H1 histone in vertebrates (Pagès and Roizès 1988; Rojas-Rouse et al. 1993) . The absence of methylated bases in the total DNA from two species of hymenopteran wasps (Bigot et al. 1990 ) and from DNA of other insects has been reported and it is believed to be characteristic of insects generally (Achwal et al. 1984; Ugarkovic et al. 1989) . However, in the last few years DNA methylation in the Drosophila melanogaster genome has been reported (Lyko et al. 2000; Lyko 2001) .
The methylation level of the Aphaenogaster subterranea satellite was analyzed. Genomic DNA was digested using two pairs of restriction endonucleases that cleave DNA at identical target sequences, yet differ in their methylation sensitivities. HpaII and MspI have the same target sequence (CCGG), but HpaII is unable to cleave 5-mC in the CpG dinucleotide. MboI and Sau3A recognize GATC, but Sau3A is also unable to cleave 5-mC. Southern analysis of the HpaII-and MspI-digested DNA showed the same pattern. Similar results have been obtained when Sau3A and MboI were used (Fig. 5) . These results indicate that cytosines are not methylated in a majority of the CCGG and GATC sites. Similar results have also been described in the ant Messor structor (Lorite et al. 1999) . Therefore, and in summary, satellite DNA from A. subterranea is not methylated and its study does not suggest the potential formation of stable dyad structures. We should expect that curved DNA forms nucleosomes more easily than a straight piece of DNA, but it is likely that a small (local) bend is sufficient to localize the DNA on the core of histones (Calladine and Drew 1997) .
The transcription of the Aphaenogaster subterranea satellite DNA was checked by reverse transcription with specific oligonucleotides APSU-L and -R on RNA extracted from queen and worker pupae and from worker adults. The reverse transcripts were amplified by PCR with the same oligonucleotides. The hybridization of the reverse transcripts with the APSU-18 repeats reveals bands corresponding to monomers, dimers, and multimers of satellite RNAs (Fig. 6,  lanes 1, 2, 4 , 5, 8, and 9). Amplification without reverse transcription was performed on RNAs, and monomers and multimers were also detected (Fig. 6, lanes 6 and 10) . The band in lane 10 was too faint to be reproduced. It could have resulted from the presence of DNA in the RNA preparation or from the reverse transcription activity of Taq polymerase (Grabko et al. 1996) . To check these hypotheses, RNA was treated with RNAse and amplied with APSU-L and -R. No signal was detected, which showed that the signal, observed 6 . Analysis of satellite DNA transcription. Total RNAs were extracted from worker pupae (lines 1 and 2), worker adults (lines 4-7) and queen pupae (lines 8-11). Lane 3 is a PCR control where no template was added to the mix. RNAs were reverse transcribed with APSU-L (RTPCR (L), lanes 1, 4, and 8) or APSU-R (RTPCR (R), lanes 2, 5, and 9) and amplified by PCR with APSU-L and APSU-R. RNAs were amplified, without reverse transcription, by PCR with APSU-L and APSU-R without RNAse (T-PCR, lanes 6 and 10) and with RNAse (T-RNAse, lanes 7 and 11). The band originated by amplification in lane 10 is too faint to be reproduced. M, molecular weights. after reverse transcription, was due to the presence of satellite DNA transcripts in A. subterranea (Fig. 6, lanes 7  and 11) .
Transcripts were detected in queen and worker pupae and in worker adults. They were the result of transcription from the two DNA strands, because the same result is observed regardless of the oligonucleotide used for reverse transcription (Fig. 6, lanes 1, 2, 4, 5, 8 and 9 ). These results show that the satellite DNA of A. subterranea is transcribed on the two strands at different stages of development instars. It has already been shown that satellite DNA is transcribed in one species of the suborder Symphyta (Diprion pini, Diprionidae) (Rouleux-Bonnin et al. 1996) and in four species of parasitoid wasps belonging to Apocrita: Parasitica (Diadromus pulchellus, Diadromus collaris, Eupelmus vuiletti, and Eupelmus orientalis) (Renault et al. 1999) . In this paper, the transcription in ants belonging to Apocrita: Formicoidea, is described for the first time. Thus the transcription of satellite DNA is quite common in Hymenoptera. However, in the honeybee Apis mellifera, belonging to Apocrita: Apoidea, it has been reported that the AluI satellite DNA family, the only well-known satellite DNA to date in this species, is not transcribed in any tissue (Tàres et al. 1993) .
The functional significance of satellite DNA transcripts and their mechanism of transcription are unknown at present. However, the few and preliminary studies on the transcription and other aspects of satellite DNA in Hymenoptera show some interesting characteristics. Satellite DNA was transcribed on the two DNA strands in D. pulchellus and in A. subterranea; however, the transcription of the Ps, Pv, and Ec repetitive subfamilies from Diprion pini seems to happen preferentially on one strand (Rouleux-Bonnin et al. 1996) . Satellite DNA transcription is observed in the different development states but the rate of transcription is different in males and females from D. collaris, D. pulchellus, E. vuiletti, and D. pini (Rouleux-Bonnin et al. 1996; Renault et al. 1999 ). In addition, female sex-specific transcripts were detected in Ps and Pv repetitive subfamilies from D. pini (Rouleux-Bonnin et al. 1996) . The scarce data to date seem to indicate that the RNA may function as structural or catalytic RNA rather than encode proteins (Rouleux-Bonnin et al. 1996; Renault et al. 1999) .
Moreover, variations have been observed in the quantity of satellite DNA that could be related to the processes of somatic or sexual differentiation. Male and female genomes from D. pini differ in their amount of satellite DNA, with a reduction in females (Rouleux-Bonnin et al. 1996) . In this study, we have observed that the queens of A. subterranea present a smaller quantity of satellite DNA than the workers. Whether the satellite DNA is involved or whether it is submitted to somatic and (or) sexual differentiation remains to be determined, therefore new studies are necessary to clarify this question.
